Technical lignins are highly available and inexpensive feedstocks derived from current large scale biomass utilizing industries. Their valorization represents a bottleneck in the development of biorefineries, as the inherently complex lignin structure often suffers severe condensation during isolation, leading to their current application as low value fuel. Processes able to depolymerize technical lignins into value-added (intermediate) molecules are of great interest for the development of integrated, viable routes aiming at the full valorization of lignocellulosic biomass. Here, we report an effective ozone mediated depolymerization of four technical lignins (Indulin-AT Kraft, ball-milled Indulin-AT Kraft, Alcell organosolv and Fabiola organosolv) in ethanol under ambient conditions without the need for catalysts. 52-87 wt% of these nearly ethanol insoluble lignins was broken down into soluble fragments upon ozone exposure.
Introduction
Lignin is one of the three main fractions of lignocellulosic biomass, corresponding to up to 40 wt% and consists in its native form of a highly crosslinked and methoxylated phenylpropanoid network (Fig. 1A) . 1 Compared to the carbohydrate fraction, lignin is largely unutilized and oen burned for low value energy generation. 2 The complex structure of this biopolymer suffers severe degradation during isolation in typical industrial processes, e.g. Kra for pulp and paper production. 3, 4 This makes further valorization of these so-called technical lignins (produced at large scales, e.g. 50 million tons per year of Kra lignin 5 ) via depolymerization challenging. 6 Technical lignins are highly condensed and chemically heterogeneous, with substantially lower amounts of the labile C-O linkages present in abundance in native lignin 7, 8 (Fig. 1B) . Within the biorenery concept, which aims to achieve full valorization of biomass by converting all of its fractions into value-added chemicals, materials and fuels, lignin stands as a promising source of renewable carbon. 1, 9 Therefore, the development of processes able to deconstruct the recalcitrant structure of technical lignins to yield value-added (intermediate) chemicals is of great interest.
Several strategies for the depolymerization of technical lignins have been suggested. For instance, catalytic hydrotreatment has been widely studied to hydrodeoxygenate and hydrocrack lignin to yield fuels and chemicals. A range of heterogeneous catalysts have been reported with and without the use of solvents, e.g. CoMo and NiMo supported catalysts typically used in petro-based reneries, [10] [11] [12] noble metal supported catalysts, [13] [14] [15] [16] [17] [18] inexpensive iron ores 19, 20 and catalysts based on transition metals such as Ni. [21] [22] [23] [24] [25] [26] [27] Despite the high monomer yields of up to 35 wt% observed (largely comprised of aromatics and alkylphenolics), costs related to hydrogen and catalysts are still impeditive, harsh reaction conditions are typically needed (i.e. temperatures > 350 C, high pressures) and signicant carbon losses to solids and the gas phase occur.
Oxidative depolymerization strategies have also been reported for lignin valorization, using oxygen, air and hydrogen peroxide as typical oxidants. Various catalytic systems have been investigated, in which homogeneous catalysts are oen employed, e.g. TEMPO 28, 29 and polyoxometalates. [30] [31] [32] Heterogeneous catalysts (e.g. chalcopyrite, 33 metal-supported, 34 metal oxides, 35 metal composites, 36 hydrotalcites 37 ) and new approaches using biomimetic catalysts, 38, 39 anchored TEMPO 40 and ionic liquids [41] [42] [43] have been explored as well. The applied conditions are usually milder than those employed in reductive strategies. Products derived from lignin oxidation include aromatic acids and aldehydes, phenolic building blocks and dicarboxylic acids (DCAs) with several potential applications as specialty and platform chemicals, fuels and additives. Overall, the use of catalysts adds extra complexity to lignin processing due to separation and reusability difficulties, fast deactivation, poisoning, high costs and irreversible morphologic changes in the case of heterogeneous catalysts. 44 Non-catalytic routes for the upgrading of technical lignins include pyrolysis [45] [46] [47] and solvolysis, [48] [49] [50] [51] [52] which despite the promising results, also need high temperatures to efficiently break down the structure and minimize repolymerization pathways. In addition, low monomer yields and high carbon losses to the gas, solid and aqueous phases are common.
Ozonation is a less explored process for lignin valorization, despite the high reactivity of ozone towards lignin-like structures at mild conditions without the need of catalysts. 53, 54 Ozone can be easily generated in situ, either from oxygen or dry air, and technology is well-established and available at all scales. Furthermore, ozone has a short half-life, thus any residual ozone in the system quickly decomposes to O 2 , which facilitates safe operation. This provides an overall clean procedure that does not need further separation steps to remove reagents. 55 Previous studies showed that ozonated biomass solutions contain a range of aromatic aldehydes, quinones and carboxylic acids derived from the lignin fraction. 33, 56, 57 An investigation of alkali lignin ozonation reported that the thus produced esters are suitable for applications as fuel additives. 55 In another study, ozonated lignin was shown to be suitable for the production of vitrimer materials with potential use as recoverable adhesives. 58 Recent publications from our group 59, 60 showed the potential of pyrolytic lignin (PL) ozonation for the production of biobased DCAs and methyl esters at mild conditions (i.e. 0 C and atmospheric pressure), having methanol as solvent. In addition, model compound studies also showed the high reactivity of ozone towards phenolic motifs and unsaturated C-C bonds. These results inspired us to move from low molecular weight PL's to more complex and degraded lignin feeds, which are known to contain high amounts of the said functionalities, 61 using even milder conditions (Fig. 2) .
Thus, here we report the depolymerization and subsequent dissolution of four initially ethanol insoluble technical lignins by a simple ozone treatment. All experiments were performed under ambient conditions at relatively short reaction times of under two hours, using absolute ethanol as the solvent. The use of ethanol is advantageous over methanol due to its very low toxicity and biobased character. Two types of lignin feeds were chosen based on their high industrial availability and challenging structure, 5 i.e. Kra lignin (Indulin-AT, abbreviated here as KL) and Alcell organosolv lignin. 62 Our studies show that ozone is remarkably effective for the depolymerization and solubilization of these lignins. A ball-milled KL was added to the scope to evaluate the particle size inuence on the process. Furthermore, Fabiola lignin, which is an organosolv lignin obtained under milder conditions than the Alcell, 63 was also evaluated to get insights on the inuence of lignin condensation on the ozonation extent.
Materials and methods

Chemicals
Indulin-AT (Kra lignin, KL) was supplied by MeadWestvaco Specialty Chemicals, USA. Indulin-AT is a puried form of pinederived KL and does not contain hemicellulose. The ball-milled KL was obtained by ball milling KL for 30 minutes at 1200 RPM (Retsch 400). The Alcell (ethanosolv from a mixture of hardwoods) and Fabiola (acetosolv from beech wood) organosolv lignins were supplied by ECN-TNO. The extraction procedure and associated conditions of the latter are described elsewhere. 63 All lignins were obtained in powder form and their particle sizes were determined by dynamic light scattering (DLS). Tetrahydrofuran (THF), toluene, ethanol, deuterated dimethyl sulfoxide (DMSO-d 6 ), deuterated chloroform (CDCl 3 ), pyridine, cyclohexanol, chromium(III) acetylacetonate and 2chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphopholane were purchased from Sigma-Aldrich. All chemicals in this study were used as received.
Ozonation experiments
The ozonation experiments were performed under ambient conditions. A 100 mL round bottom ask containing a magnetic stirrer was used. 2 g of lignin and 45 g of ethanol were added in each experiment. For the longer experiments of 120 minutes, 2 g of lignin and 60 g of ethanol were used. Ozone (diluted in oxygen) was bubbled in the mixture through a pipette. A ow of 4 L min À1 of oxygen was fed into the ozone generator (model LAB2B from Ozonia), producing 9.5 g of O 3 per h. Stirring was set to 1500 RPM. The reaction time varied from 20 to 120 min, while all other process parameters were kept constant. Aer each reaction, the oxidized mixture was ushed with air for around 2 minutes to remove residual ozone and ltered for the recovery of solids. Ethanol was removed by vacuum evaporation (2 h, 250 mbar and 40 C) to yield the nal lignin oil, which was weighted and analyzed in detail.
Since the evaluated lignins have very low solubility in ethanol and the solvent participates in the ozonation to some extent (vide infra), the amounts of dissolved lignin and mass incorporation were calculated based on the solids recovered aer each reaction (here called insoluble lignin). Hence, these solids were considered unreacted lignin and provided an indication of how much of the initial lignin was extracted to the solvent during ozonation (i.e. dissolved lignin). By knowing the amount of dissolved lignin, the mass incorporation could be quantied as well (eqn (1) and (2)). For a better comparison between the experiments, an incorporation ratio (IR) factor was dened (eqn (3)). The reader is referred to the ESI † for an example of calculations using the data obtained from a typical ozonation experiment.
Incorporation ratio ðIRÞ ¼ lignin oil dissolved lignin
CAUTION: Ozone is a highly reactive and toxic gas. Chronic exposure and exposure to high concentrations of ozone may cause respiratory difficulties and eye irritation. The apparatus described in this report should only be operated with proper ventilation in a fume hood. Generation of ozone requires a highvoltage discharge, therefore care is advised to isolate the highvoltage components of the apparatus from any nearby solvents.
Feed and lignin oil analyses
Prior to the ozonation experiments, the four lignin feeds were characterized by GPC (weight average molecular weight, M w ), HSQC NMR (linking motifs as well as the aromatic unit composition syringyl/guaiacyl/p-hydroxybenzene S/G/H ratio), 13 C-NMR (overall chemical makeup of carbons), 31 P-NMR (hydroxyl types and content), elemental analysis (C, H, N, S) and DLS (particle size). The chemical composition of the ozonated lignin oils was also assessed by a series of techniques; GPC (M w and molecular weight distribution), TGA (charring tendency and volatility), GC-MS (identication of thermally stable monomers), HPLC (carboxylic acids identication and quantication), HSQC NMR and 13 C-NMR (structural features), Karl Fischer analysis (water content) and elemental composition (C, H, N, S elemental analyzer). pH measurements of the ethanol and KL mixtures before and aer ozonation (diluted 50 wt% in water) were performed using a 848 Titrino plus apparatus from Metrohm.
GPC analyses of the feed and products were performed using an Agilent HPLC 1100 system equipped with a refractive index detector. Three columns in series of MIXED type E (length 300 mm, i.d. 7.5 mm) were used. Polystyrene standards were used for calibration. 0.05 g of the sample was dissolved in 4 mL of THF together with 2 drops of toluene as the external reference and ltered (lter pore size 0.45 mm) before injection.
Thermogravimetric analyses (TGA) were performed using a TGA 7 from PerkinElmer. The samples were heated under a nitrogen atmosphere (nitrogen ow of 50 mL min À1 ), with heating rate of 10 C min À1 and temperature ramp of 30-900 C.
Gas chromatography/mass spectrometry (GC-MS) analyses were performed on a Hewlett-Packard 5890 gas chromatograph equipped with a RTX-1701 capillary column (30 m Â 0.25 mm i.d. and 0.25 mm lm thickness) and a Quadrupole Hewlett-Packard 6890 MSD selective detector attached. Helium was used as carrier gas (ow rate of 2 mL min À1 ). The injector temperature was set to 280 C. The oven temperature was kept at 40 C for 5 minutes, then increased to 250 C at a rate of 3 C min À1 and held at 250 C for 5 minutes. All samples were diluted 10 times with THF.
The HPLC analytical device used for carboxylic acids iden-tication and quantication consisted of an Agilent 1200 pump, a Bio-Rad organic acids column Aminex HPX-87H, a Waters 410 differential refractive index detector and a UV detector. The mobile phase was 5 mM aqueous sulfuric acid at a ow rate of 0.55 mL min À1 . The HPLC column was operated at 60 C. Since the products were not fully soluble in water, a water extraction step (proportion of 1 : 10 of ozonated lignin and water) was needed, and the aqueous phase was further analyzed. Calibration curves of the targeted acids were determined experimentally to provide an accurate quantication and were based on a minimum of 4 data points with excellent linear tting (i.e. R 2 > 0.99).
Heteronuclear single quantum coherence (HSQC) NMR spectra were acquired on a Bruker NMR spectrometer (600 MHz) with the following parameters: 11 ppm sweep width in F2 ( 1 H), 220 ppm sweep width in F1 ( 13 C), 8 scans and a total acquisition time of around 1 h. Sample preparation involved the dissolution of the sample in DMSO-d 6 (15 wt%). Spectra were processed and analyzed using MestReNova soware, refer to the ESI † for integration details. 13 C-NMR spectra were acquired on a Bruker NMR spectrometer (600 MHz) using a 90 pulse and an inverse-gated decoupling sequence with relaxation delay of 5 seconds, sweep width of 220 ppm and 2048 scans, with a total acquisition time of 3.5 h and TMS as reference. Sample preparation involved the dissolution of the sample in DMSO-d 6 (15 wt%). Spectra were processed and analyzed using MestReNova soware, refer to the ESI † for integration details. Hydroxyl content analyses were performed using 31 P-NMR following a procedure described elsewhere, 7 using cyclohexanol as the internal standard and CDCl 3 as solvent. 31 P-NMR spectra were acquired on a Bruker NMR spectrometer (600 MHz) at 293 K using a standard 90 pulse, 256 scans and 5 s of relaxation delay. Spectra were processed and analyzed using MestReNova soware, refer to the ESI † for integration details.
The water content was determined by Karl Fischer titration using a Metrohm 702 SM Titrino titration device. About 0.01 g of sample was injected in an isolated glass chamber containing Hydranal (Karl Fischer solvent, Riedel de Haen). The titrations were carried out using the Karl Fischer titrant Composit 5K (Riedel de Haen). All analyses were performed at least 3 times and the average value is reported.
Elemental analysis (C, H, N, S) was performed using a Euro-Vector EA3400 Series CHN-O analyzer with acetanilide as the reference. The oxygen content was determined by difference. All analyses were carried out at least in duplicate and the average value is reported.
Dynamic light scattering (DLS) measurements were performed using a Brookhaven Zeta-PALS analyzer equipped with a 35 mW red diode laser (nominal wavelength of 660 nm), reading at a measurement angle of 90 . The measurements were carried out on aqueous colloidal solutions (1 wt% of lignin concentration) at 25 C. The mean effective diameter of each lignin sample (i.e. particle size) was obtained aer 10 measurements assuming that the particles are spherically shaped.
Results and discussion
Characterization of the lignin feeds Table 1 shows relevant properties of the four lignins used in the ozonation experiments, which were characterized in detail by GPC, NMR techniques, elemental analysis and DLS. These lignins can be separated in two subsets, i.e. a subset comprised of sowood derived G-based Kra lignins (KL and ball-milled KL) and a subset comprised of mixed S/G-based organosolv lignins (Alcell and Fabiola). Apart from the differences in monomer unit composition, KL and ball-milled KL also present relatively higher contents of sulphur and nitrogen as well as a lower M w . The rst subset provides a comparison regarding the average particle size (i.e. 1080 nm versus 460 nm). Besides the slightly lower M w of the ball-milled KL, no signicant differences were observed between the properties of KL and ball-milled KL, showing that the conditions applied in the ballmilling step prevented major structural changes. Furthermore, the low b-O-4 content of KL likely did not allow for further lignin degradation, as specically these linkages were shown to be prone to cleavage during ball-milling. 64, 65 The second subset compares two lignins which mainly have a different level of condensation. Accordingly, the Fabiola lignin used in this study is less condensed than the Alcell lignin due to the milder conditions applied in the organosolv process. 63 This is conrmed by its higher oxygen content, higher amount of C-O linkages (mainly b-O-4, in line with the higher amount of aliphatic OH provided by 31 P-NMR) and lower amount of S condensed units shown by HSQC NMR analysis. Furthermore, 13 C-NMR results shows signicantly less aliphatic C-H motifs in the Fabiola lignin and relatively more methoxy groups attached to aromatic rings, also suggesting a structure that resembles more native lignin. In addition to that, the results from 31 P-NMR show a lower amount of phenolic OH groups (which are known to increase with lignin degradation 61, 66, 67 ) in this lignin.
Product yields and macromolecular properties
To demonstrate the reactivity of ozone towards these technical lignins, each was exposed to ozone for different times (20 min to up to 60 or 120 min, Fig. 3 ). All experiments were performed under ambient conditions by bubbling ozone through a suspension of the lignin in ethanol. The experiment reacting KL with ozone for 20 min was performed in triplicate to investigate reproducibility and showed good results (standard deviation of 0.7% on the measured weight of the different product fractions). Clear visual changes were observed during the experiments, indicating promising reactivity at these mild, non-catalytic reaction conditions. For instance, all the lignins initially present low solubility in ethanol (varying between 4-33 wt%, see blank runs without ozone in Fig. 3 ) which increased dramatically upon ozone exposure, and the ozonated solutions turned orange-red. The lignin oils aer ethanol removal show a clear difference from the starting dark brown solid lignins, being a low viscosity oil with an orange-red color (see Fig. S2 † for an example). Accordingly, the lighter color is related to the decrease of conjugated aromatic structures and thus indicates reactivity at unsaturations. 68 Fig. 3 also shows that the lignin oil yields signicantly surpass the amount of dissolved lignin aer ozonation. Such mass increase is a direct result of oxygen incorporation into the structure and also suggests that the solvent participates in some reaction pathways. For instance, solvent incorporation was previously observed when using methanol as the solvent. 59 In a similar fashion, ethanol may be incorporated via ester and acetal formation reactions of the acids and aldehydes/ketones respectively, which are all formed during ozonation (vide infra). Furthermore, ethanol might also serve as a capping agent that stabilizes highly reactive (oxidized) phenolic intermediates by O-alkylation of hydroxyl groups. 69, 70 Average incorporation ratios of 2.0, 1.9, 1.8 and 2.1 were observed for KL, ball milled KL, Alcell and Fabiola lignin, respectively. This indicates that for a determined amount of lignin solubilized during ozonation, the amount of lignin oil aer ethanol removal will be approximately doubled.
Since signicant mass incorporation occurs, precise mass balances are obscured and both the yields of lignin oil and insoluble lignin have to be evaluated. For instance, the yields of lignin oil showed an overall increase with longer ozonation times, and results varied distinctly among the lignins (Fig. 3, O3  entries) . For the KL, ball-milled KL and Alcell lignins, the high yields of lignin oil were accompanied by desirable low amounts of insoluble lignin aer ozonation. Alcell lignin showed the least solid residue (13 wt%) and thus highest dissolved lignin which might relate to its relatively higher initial solubility in ethanol, being itself an ethanol/water extracted lignin.
As the lignins are nearly insoluble in ethanol, mass transfer limitations of ozone from the gas to the liquid phase and subsequent transfer to the solid lignin particles play an important role in this system and may determine the overall rate of the reactions. The use of ball-milled KL with a signicantly smaller particle size led to a slightly higher initial lignin solubility and indeed an overall increased solvation and less insoluble residual lignin compared to KL. This is likely due to better dispersion and a higher surface area, facilitating reactions to take place. It is expected that optimized set-ups with proper attention to mass transfer issues (e.g. intense mechanical stirring using overhead, self-inducing expellers) may lead to higher lignin oil yields at shorter reaction times.
For the Fabiola lignin, a plateau for the amounts of dissolved lignin was observed from 20 to 60 minutes of reaction time, in which relatively low yields of lignin oil and high amounts of insoluble lignin (i.e. around 50 wt%) were observed. This surprising result is likely related to the structural features of this lignin. For instance, the milder organosolv extraction procedure used for this lignin (compared to the Alcell process) results in a structure more similar to native lignin, 71, 72 i.e. less condensed and with a higher amount of C-O bonds and methoxy groups (vide supra, Table 1 ). Literature shows that C-O linked lignins are usually easier to depolymerize, as C-O bonds are more labile when compared to C-C bonds. [73] [74] [75] Nonetheless, the apparently contradictory results here observed can be explained by specic reactivity trends of ozone. A recent publication from our group showed that the b-O-4 linking motifs are relatively resistant to ozone attack, and that the major inuence for lignin disruption during ozonation particularly comes from available phenolic hydroxy groups. 59 Such phenolic groups are mostly the results of structural modications of native lignin during processing. 61, 66, 67, 76 Furthermore, the presence of C-C double bonds (i.e. stilbene linkages) as reported in Kra lignin 61, 77, 78 increases its reactivity towards ozone due to the high electronic density of such moieties. 79, 80 Hence, in the case of an ozone treatment, condensed structures as in technical lignins (i.e. Kra and Alcell lignins) are benecial for their reactivity and subsequent dissolution in ethanol, leading to the higher lignin oil yields observed.
GPC analyses were performed to compare the molecular weight distribution of the lignin feeds and their ozonated lignin oils (Fig. 4) . The results clearly show that the lignin fragments being solubilized during ozonation are substantially lower in molecular weight compared to the initial lignin feed, indicating that ozone simultaneously breaks down the structure and increases its solubility in ethanol. Furthermore, repolymerization pathways usually observed in oxidative processes due to the formation of radicals 30, 81 seem to be suppressed as no molecular weight increase was observed at elongated reaction times. This positive observation is likely a result of the acidic reaction medium and solvent system used, as ethanol is reportedly an efficient radical scavenger able to quench reactive lignin fragments 70, 82, 83 under such conditions. Accordingly, while the mixture of ethanol and KL before reaction was slightly acidic (average pH of 6, standard error of 0.1), the lignin oil solution aer ozonation for 20 minutes had a substantially higher acidity (average pH of 2.3, standard error of 0.1). Lignin-solvent reactions may also play a role on inhibiting competitive repolymerization pathways. 48 For most cases, increasing the reaction time from 20 to 60 minutes led to an increase of the lower M w fractions due to the subsequent oxidation of the lignin fragments solubilized in ethanol, which is known to happen at extended ozonation times. 54, 55, 59 The amounts of these fractions were greatly increased at the longer reaction times of 120 minutes (KL and ball-milled KL), likely accompanied by carbon loss due to CO 2 formation from over-oxidation. 84 As set-up limitations hindered an accurate analyses of the gaseous products, full mass and carbon balances could not be determined. An overall decrease of 40-75% in the M w (based on the initial M w of each lignin) ratify the high activity of ozone towards lignin structures and that no substantial repolymerization of the solubilized ozonated fragments occurs. TGA results are in line with GPC, showing a substantial increase in volatility due to depolymerization ( Fig. 5 and S3 †) . Accordingly, the amounts of non-volatiles decreased by 60-80% (based on the initial TGA non-volatile residue of each lignin) with the ozone treatment, being of around 10 wt% aer ozonation. No substantial variation on the TGA residue was observed under the different reaction times applied. Furthermore, the temperature of maximum mass loss shied from around 350-400 C to values lower than 250 C. These results ratify the extensive depolymerization of lignin and show that the smaller fragments produced are also more volatile and thermally stable, since no substantial repolymerization was observed under the high temperatures applied during TGA. Such lowered charring tendency is of great interest for fuel and fuel additives applications. 55, 85 Elemental analyses showed large differences in the composition of the lignin oils when compared to their former lignins. Results are displayed in a Van Krevelen plot, see Fig. 6 . For instance, the O/C ratio increase is expected as more oxygen is incorporated into the lignin structure, and the H/C ratio increase is likely a result of ethanol incorporation via esterication reactions (which are accompanied by water formation). Despite possible water losses during ethanol removal, positive correlations could be observed when plotting the H/C molar ratios versus the water contents determined for the lignin oils ( Fig. S4 †) . Having the Alcell data as reference, an estimated value of 36 wt% of the total mass incorporation aer ozonation for 60 minutes could be attributed to the incorporation of ethanol via esters and acetals.
Lignin oil composition and structural transformations
Chromatographic analyses were performed on the lignin oils to identify and quantify low molecular weight products. GC-MS qualitative analyses show an extensive formation of (di)ethyl esters in the volatile and thermally stable fraction (Fig. 7 ). This conrms that ethanol is incorporated in the products mainly through esterication reactions of the (di)carboxylic acids produced, being these a result of ring-opening reactions largely favored by ozone. 54, 55 Such observations are in line with elemental analyses results (vide supra) and with a previous study from our group, in which (di)methyl esters were identied aer exposing a solution of pyrolytic lignin and methanol to ozone. 59 Acetals and aromatic oxidation products were also identied, e.g. vanillic acid, ethyl vanillate and hydroquinone.
Through an extraction of the product oil with water and subsequent HPLC analyses of the obtained aqueous phase, a range of (di)carboxylic acids could be identied and quantied ( Fig. 8 and Table S3 †). Importantly, as the HPLC analyses were performed under hydrolysis conditions, it was not possible to quantify acids and esters separately. Overall, the yields of these organic acids increased with ozonation time and reached up to 40 wt% of the lignin oil. Minor amounts of formic and acetic acid arise from the oxidation of ethanol. This was proven by blank ozonation experiments with ethanol (reaction times of 20/40/60 minutes) that yielded 0.9/1.2/1.4 wt% and 1.6/ 2.2/2.8 wt% of formic and acetic acid, respectively. The decrease in detected acids at longer reaction times (i.e. 120 minutes for the ball-milled KL and 60 minutes for the Fabiola lignin) might be related to the over-oxidation of small (di)carboxylic acids to CO 2 . 84 In general, the chromatographic analyses show that the low molecular weight products produced during ozonation are largely a result of lignin conversion into (di)carboxylic acids, which are esteried to their respective (di)ethyl esters due to the presence of ethanol in an acidic environment. In order to determine the chemical composition of the whole lignin oil rather than solely the lower molecular weight fraction, NMR analysis was used to further elucidate global structural transformations during ozonation. Representative 13 C-NMR spectra and the integration results of the lignin feeds and their lignin oils aer 60 minutes of ozonation show substantial structural differences ( Fig. 9 and 10) . Regardless of the lignin used, products were richer in aliphatic bonds aer ozonation. While aliphatic C-O bonded carbons are a direct result of oxidation and ring opening reactions, the increase in C-H bonded carbons is related to the incorporation of ethanol within the structure. Aromatic carbons showed an overall decrease that varied between 40-55% depending on the lignin, and new carbon signals for carbonyl groups could be observed, being expected due to the formation of (di)carboxylic acids and esters. The substantial decrease in methoxy groups attached to aromatics is also an indication of ring-opening reactions. Importantly, while the distribution of bonds in the lignin oils is similar in all cases, variations in the yields depending on the lignin substrate used must be recalled in order to select an adequate feed for ozonation. When considering such aspects, the ball-milled Kra and Alcell lignins are the most promising options, as a large fraction of them (i.e. 71-87 wt%) was solubilized by the ozone mediated depolymerization under the applied conditions (vide supra).
Qualitative results provided by HSQC NMR ratify the aromatic disruption, as well the disappearance of well-dened linkages typically found in lignin (i.e. b-b, b-5, b-O-4), 71 see Fig. 11 for a representative spectra of KL and its lignin oil (1 h ozonation) and Fig. S5 -S7 † for the spectra of the lignin oils obtained from the other feeds. Overall, similar trends were observed that relate to the formation of ethyl esters, acetals and aliphatic chains containing carbonyl and hydroxyl groups. In addition, the aliphatic C-H region is less heterogeneous (as C-O linkages were formed) and contained just a few signals, which are mostly derived from ethanol incorporation. NMR and GC-MS analyses of a blank ozonation experiment with ethanol indicated the formation of some acids, esters and acetals ( Fig. S8 -S10 †) which can contribute to the observed signals and are in line with the results previously observed using methanol. 59 Fig. 12 illustrates the ndings of this work in a scheme. Overall, it was shown that technical lignins could be converted in high yields into ethanol-soluble fragments by an ozone mediated depolymerization operated under room conditions. The obtained lignin oils have signicant lower M w and a less aromatic character due to ring-opening reactions. A range of low molecular weight compounds was identied, particularly DCAs and their derived (di)ethyl esters. Both ethanol and ozone are incorporated to give esters and acetals as main functional groups in the product mixture. Various applications in the food and pharma industries are envisioned for the DCAs, 33 while esters can be used as high value fuels and additives. 55 Furthermore, there is great potential for obtaining lignin-based materials from ozonated fragments 58 and oxygenated aromatics. 86 
Conclusions
The results presented here clearly show the potential of ozonation for breaking down recalcitrant technical lignins and promoting their solvation in ethanol, which is a recyclable and biobased solvent option with low toxicity. Accordingly, the Kra and organosolv lignins evaluated were converted under ambient conditions and without the need of catalysts. Lower particle sizes favored higher yields due to the increased contact areas and better dispersion of the lignin particles in the liquid medium. Furthermore, increased structural degradation of the native lignin structure prior to ozonation was shown to be benecial for the effective conversion of the lignin feed. This is likely due to the increased amounts of reactive phenolic motifs and C-C double bonds in comparison with native lignin. Both Kra and Alcell lignins were shown to be suitable feeds for the process, leading to high lignin oil yields containing up to 40 wt% of low molecular weight compounds. The depolymerized lignin fragments have a substantially lower M w (i.e. 40-75%) and much higher volatility compared with their former lignins. While ozonation favored phenol ringopening pathways that produce (di)carboxylic acids, ethanol was shown to suppress repolymerization pathways and incorporate within the lignin structure mostly as ethoxy groups in esters and acetals. Longer reaction times led to higher yields of small (di) carboxylic acids/esters, and likely the over-oxidation of some molecules to CO 2 . These results clearly show that ozonation is effective in converting recalcitrant technical lignins into ethanolsoluble fragments containing valuable monomers and oligomers with a more aliphatic character. Further in-depth studies of crucial process parameters (i.e. ozone input, residence time, stirring speed) may tune the product distribution towards the desired applications. Accordingly, the use of optimized set-ups can minimize mass transfer limitations, suppressing undesired secondary reactions in the liquid phase and providing a more efficient use of ozone. Within the biorenery concept, which aims to synergistically valorize all biomass fractions, lignin ozonation can serve both as a way to produce valuable oxygenated products (e.g. DCAs) and as a straightforward pretreatment to depolymerize, solubilize and make the lignin structure more accessible for further processing by strategies typically hampered by its recalcitrance (e.g. hydrotreatment). Due to the high ester content, H/C ratio and volatility, ozonation can be a starting point for converting technical lignins into oils suitable for applications as fuels and fuel additives.
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